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PRIMARY CULTURES OF DISSOCIATED
SYMPATHETIC NEURONS
III. Changes in Metabolism with Age in Culture
INTRODUCTION
In the two preceding papers we described methods
for making reproducible cultures of sympathetic
neurons and for studying aspects of their neuro-
transmitter metabolism (Mains and Patterson,
1973 a,b) . One aim of that work was to establish
a system for studying neuronal development and
interaction in vitro. In the experiments described
here we have used this system to examine the
change in the ability of the neurons to synthesize
and accumulate radioactive catecholamines as
they grew during a period of several weeks in cul-
ture. In order to assess the selectivity of this change
in neurotransmitter metabolism, it was then com-
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ABSTRACT
Several biochemical parameters of dissociated sympathetic neurons from superior cervical
ganglia of the newborn rat were monitored as a function of age in culture. The neurons,
which were grown in the virtual absence of non-neural cells, displayed a striking increase
in their ability to synthesize and accumulate catecholamines . This capacity increased
50-fold during a 3-wk period in vitro, after which it appeared to reach a steady level . The
major change took place during the second week. The time course of this change was not
affected by plating the neurons at a higher cell density . The change in the catecholamine
metabolism was far greater in magnitude and quite different in time course from the
overall growth of the cells which was monitored by the incorporation of radioactive tyro-
sine into protein, lipid synthesis from radioactive choline, and incorporation of radioactive
uridine into acid-precipitable material. Of the total tyrosine used by the cultures, the
proportion devoted to catecholamine synthesis increased to 25% (a 10-fold rise) during
the 3-wk period. This changing pattern of metabolism in the cultures suggested a process of
maturation which may be similar to neuronal development in vivo .
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pared to the alterations in protein, lipid, and RNA
metabolism of the cells during the same period in
culture.
MATERIALS AND METHODS
All experiments were made on low density cultures of
sympathetic neurons isolated from the superior cer-
vical ganglia of newborn rats. Except where noted, the
preparation and maintenance of the cultures, the
radioactive compounds used, and the methods of
incubation were the same as those described in
the two preceding papers (Mains and Patterson,
1973 a,b).
361Growth in Radioactive Choline
The Leibovitz's medium (L-15-air growth medium)
lacked unlabeled choline and was supplemented with
0.8 µCi/ml [methyl-14C]choline (41 mCi/mmol ; New
England Nuclear, Boston, Mass.) . The concentration
of choline was thus about one-third of that in L-15-air,
but nearly three times that in commercial L-15. To
determine radioactive lipids the cultures were washed
for 10-15 min in plating medium and scraped off the
dish into 6 ml of chloroform : methanol (2 :1) . The
organic phase was washed with saline (Patterson and
Lennarz, 1971), taken to dryness under a stream of
air, and counted in 10 ml of Aquasol (New England
Nuclear).
Growth in Radioactive Uridine
L-15-air growth medium in this set of experiments
included 0.1 µCi/ml [2-14C]uridine (53 mCi/mmol ;
New England Nuclear) . To determine acid-precipi-
table radioactivity the cultures were washed for 10-15
min in plating medium and scraped off the dish into
4 ml of 10% trichloroacetic acid. After adding 0.05
ml of 60 mg/m1 bovine serum albumin, the sample
was centrifuged 5 min at 1000 g. The pellet was re-
suspended in another 4 ml of trichloroacetic acid and
centrifuged again. The pellet was taken up in 1 ml of
0.4 M sodium borate, 1 % sodium dodecyl sulfate,
pH 9.0, and counted in 10 ml Aquasol .
RESULTS
Changes in Catecholamine Metabolism
As previously described (Mains and Patterson,
1973 a) our standard assay for the ability of the
neurons to synthesize and accumulate catechola-
mines involved an 8-h incubation in radioactive
tyrosine followed by electrophoretic and, occa-
sionally, chromatographic separation of labeled
products. To examine systematically how this syn-
thetic capacity varies with time, the assay was
made with cultures of many different ages . In all
cases the cultures were initiated from ganglia of
newborn to 1-day old rats . The results were found
to be consistent for any particular age among dif-
ferent cell platings (see also Mains and Patterson,
1973 b) so that the values for all experiments at a
given age (i.e., within 1 day) were pooled. The
results for 167 cultures, showing radioactive cate-
cholamine production in an 8-h period as a func-
tion of culture age, are given in Fig. 1 . It can be
seen that during the first 3 wk in culture the ability
of the neurons to synthesize and accumulate radio-
active catecholamines from labeled tyrosine in-
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FIGURE 1 Cultures of various ages were incubated for
8 h with [3H]tyrosine and the radioactivity in dopamine
and norepinephrine determined (Mains and Patterson,
1973 a). The results are expressed as the mean, f SEM .
The small numbers near the bars are the number of
cultures of each age analyzed.
creased about 50-fold . This capacity rose exponen-
tially during the second week in vitro and leveled
off thereafter. The "over 20" point includes cul-
tures as old as 45 days.
It was clearly of interest to ask whether the 50-
fold exponential increase in catecholamine pro-
duction was simply a reflection of a large exponen-
tial phase of growth during the second week in
culture or did it represent a specific differentiation?
To examine this question we monitored three pa-
rameters of growth in the cultures as a function of
age : protein (tyrosine), lipid (choline), and RNA
(uridine) metabolism.
Changes in Tyrosine Metabolism
Tyrosine is taken up by the neuronal cultures
and incorporated into protein, catecholamines,
and other metabolites. It was previously found that
the free tyrosine pool is quite small relative to the
total uptake and that the vast majority of the tyro-
sine is incorporated into protein (Mains and Pat-
terson, 1973 b). Thus, most of the radioactivity
accumulated by the neurons during an 8-h incu-
bation is found in protein, and may be taken as an
approximation of the rate of protein synthesis .
Data for the total radioactivity were obtained dur-
ing the experiments shown in Fig. 1. The relation-
ship between the 8-h rate of accumulation of radio-
activity and the age of the cultures is shown in
Fig. 2. It can be seen that the accumulation rate
rose gradually with age and at 3-wk was about five
times that of the initial 1-2 day figure. Note the5
FIGURE 9 . Cultures of various ages were incubated for
8 h with [311]tyrosine and the total radioactivity accu-
mulated was determined.
absence of a lag during the first week seen for cate-
cholamines. Thus the magnitude and time course
of changes in tyrosine uptake and accumulation
were quite different from the increase in catechol-
amine production with age . It should be empha-
sized that non-neural cells do not make a signifi-
cant contribution to the metabolism of the L-15-air
cultures utilized in these experiments (Mains and
Patterson, 1973 a) .
Changes in Lipid Metabolism
Another parameter of growth which was inves-
tigated was the incorporation of radioactive cho-
line into lipid. The procedure was to grow the cells
in the presence of labeled choline (from the time
of plating) and periodically remove some of the
cultures and extract the lipids . Although this ex-
perimental procedure is different from the one
used for examination of tyrosine incorporation into
protein and catecholamines, the accumulation of
radioactive lipid should provide another parameter
of cellular growth (this also applies to the uridine
experiments presented below). Some of these cul-
tures were also tested for their ability to produce
catecholamines from [3H]tyrosine during the usual
8-h incubation. The data from an experiment of
this type are shown in Fig. 3. The dashed line is
the result for catecholamine production from Fig .
I . The open circles are the data for catecholamine
production in the cultures grown in the presence of
[19C]choline. The catecholamine data agree well,
indicating the radioactive choline had no detecta-
ble deleterious effects on the cells by this criterion .
The radioactivity in lipid rose linearly; by extrapo-
lation the rate at 3 wk was about five times that
at 1-2 days. The changes in lipid metabolism with
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FIGURE 3 Cultures were grown in the presence of
[I4C]choline for various periods and the radioactivity
in lipid was determined as described in Materials and
Methods (closed circles, continuous line) . Some of the
cultures were also incubated for 8 h with [3H]tyrosine
and catecholamine production was assayed (open
circles). The dashed line is the data from Fig . 1 replotted
for comparison with the open circles .
age are thus also very different from the changes in
catecholamine metabolism .
Changes in Uridine Metabolism
The third parameter of growth which was meas-
ured was [14C]uridine incorporation into acid-
precipitable material, which should be largely a
measure of RNA synthesis . As in the lipid experi-
ments, the procedure was to grow the cultures in
the continuous presence of low concentrations of
[14C]uridine and periodically to assay for either
acid-precipitable radioactivity or catecholamine
production from [3H]tyrosine in an 8-h incuba-
tion. The results of such an experiment are shown
in Fig. 4. Again, the dashed line represents the
catecholamine production data from Fig . 1 and
the open circles show the catecholamine produc-
tion by the neurons of two ages grown in the pres-
ence of radioactive uridine. The cells were unaf-
fected by the radioactive uridine as judged by
catecholamine production. From day 6 to 16, ra-
dioactive catecholamine synthesis and accumula-
tion in an 8-h period increased 22-fold, while in
the same period uridine incorporation into acid-
precipitable material doubled. Thus the changes
described for catecholamine production are not
matched in size or time by the increases in protein,
lipid, or RNA accumulation .
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FIGURE 4 Cultures were grown in the presence of
[I4C]uridine for various periods and the acid-precipi-
table radioactivity was determined as described in
Materials and Methods (closed circles, continuous line) .
This is taken as a measure of RNA synthesis and ac-
cumulation by the cultures. Some other cultures were
also incubated for 8 h with [3H]tyrosine and cate-
cholamine production was assayed (open circles) . The
dashed line is the data from Fig. 1 replotted for com-
parison with the open circles.
Relationship of Tyrosine Metabolism and
Catecholamine Metabolism
As previously pointed out, in the initial 3-wk
period catecholamine synthesis and accumulation
increased about 50-fold, while in the same period
the total incorporation of radioactive tyrosine into
all cellular products increased fivefold . Thus the
proportion of tyrosine taken up by the cells which
is converted to catecholamine rises as the neurons
grow in culture . This rise is illustrated in Fig . 5.
The data indicate that up to 8 days in culture,
2-3% of the tyrosine taken up by the neurons was
used for production of radioactive catecholamines,
while in cultures older than 2 .5 wk 25 E 4 % of the
radioactive tyrosine was converted into labeled
catecholamines. These figures indicate the striking
degree to which the neuronal tyrosine metabolism
centers around neurotransmitter synthesis .
Cell Density and Catecholamine Metabolism
A factor which might influence catecholamine
production in culture is the density at which the
neurons are plated . In an earlier series of experi-
ments a strong density dependence was, in fact,
found : the lower the density, the smaller the net
synthesis of catecholamine per plated cell (unpub-
lished observations). In these earlier observations
364
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FIGURE 5 The fraction of the total radioactivity de-
rived from [3H]tyrosine accumulated in an 8-h incuba-
tion which is found in catecholamine is plotted as a
function of the age of the culture . The data was ob-
tained by dividing the value for each culture in Fig . 1
by the value for the same culture in Fig . 9, and then
taking the mean at each age. Corrections were made for
the loss of one tritium when [3,5-3H]tyrosine is con-
verted to a catechol, and for quenching in the cate-
cholamine samples .
the highest cell density was below the standard
density used in the experiments reported in this
and the preceding two papers (Mains and Patter-
son, 1973 a,b) .
Of particular interest in the present experiments
was the question whether the catecholamine
changes could be accelerated by plating more neu-
rons per dish . Possibly the dramatic increase in
catecholamine synthesis during the second week
in culture was due to an increase in the mass of
cellular material or to the number of cell contacts.
An experiment to address this question involved
plating the neurons at about three times their
usual cell density and measuring the catecholamine
production at various ages. The higher cell density
was achieved by dissociating the neurons from the
usual number of rats and then plating them in one-
third the usual number of dishes . The rates of cate-
cholamine production as a function of the ages of
the cultures are shown in Fig. 6. The dashed line
is the data from cells at the usual density (Fig . I)
multiplied by 2.85 (the factor which' gives the best
fit to the data) . The fact that the factor is so close
to the approximate threefold increase in cell den-
sity indicates that catecholamine production on a
per cell basis was not affected by increased cell
density. With the correction for the increase in cellwere plated into one-third the usual number of dishes
giving an approximately threefold higher cell density .
Catecholamine production during 8-h incubations was
then determined for cultures of various ages (closed
circles). The dashed line is the data from Fig. 1 (ob-
tained at the usual cell density) multiplied by 4 .85 (see
text) and replotted for comparison .
number, the data from the higher cell density
experiment fit the standard curve quite well . The
initial lag period of about 1 wk was unchanged .
Above a certain cell density then, the maturation
of catecholamine metabolism was not dependent
on nerve cell density.
DISCUSSION
The cultures of dissociated sympathetic neurons
underwent a 50-fold increase in their rate of syn-
thesis and accumulation of catecholamines during
several weeks in culture, the major changes occur-
ring between days 6 and 18 . During that period the
rate of chase of labeled catecholamines also in-
creased threefold (Mains and Patterson, 1973 b).
Thus, the change with age shown in Fig. 1 is a real
increase in the rate of synthesis and accumulation,
rather than a decrease in the rate of breakdown or
loss. There are many possible mechanisms which
could account for the observed changes with age,
including higher levels of tyrosine hydroxylase,
improved reuptake of transmitter, increased stor-
age capacity in vesicles, etc . It should be noted,
however, that the changes in catecholamine me-
tabolism are not due to changes in the rate at
which the intracellular tyrosine pool becomes la-
beled, since previous data established that the ty-
rosine pool labels to a steady-state value rapidly in
both young and old cultures (Mains and Patterson,
1973 b).
Since the incorporation of tyrosine into protein,
the production of lipid from choline, and the syn-
thesis of acid-precipitable material from uridine all
changed more gradually with age in the cultures
(Figs. 2, 3, and 4), the changes in catecholamine
production were not simply a function of growth
or enlargement of the neurons. It appears instead
that the neurotransmitter metabolism of the cells
underwent a significant differential change during
the second week in culture. The fact that tyrosine,
choline, and uridine incorporation all increased
linearly from the beginning or middle of the first
week, suggests that if the lag in catecholamine pro-
duction during the first week were due simply to a
process of recovery from the isolation procedure,
then catecholamine metabolism is more sensitive
than the other parameters.
The increased emphasis on catecholamine pro-
duction in older cultures, in which 25 % of the total
radioactivity accumulated during 8 h is present as
dopamine or norepinephrine, shows a similarity in
time-course to the change in vivo in the levels of
the synthetic enzyme activities, which increase 4-8-
fold in the second and third weeks after birth in
the rat superior cervical ganglion (Thoenen et al.,
1972 a). Other aspects of the morphological and
biochemical maturation of rat sympathetic neurons
take about 3 wk, with major changes occurring in
the second and third postnatal weeks (Eranko,
1972 a,b) . The nerve endings in peripheral targets
develop on the same time scale as the cell bodies
in sympathetic ganglia (e.g. Machado et al., 1971 ;
de Champlain et al., 1970; Iversen et al., 1967)
which makes comparisons with the cultures (which
contain both cell bodies and processes) easier.
However, much more remains to be done before
rigorous quantitative comparisons can be made be-
tween the development seen in vitro and in vivo .
Specifically, it will be necessary to measure in the
cultures parameters which have been investigated
in vivo, such as the catecholamine enzyme activ-
ities and total catecholamine levels .
The data show that, above a certain cell density,
increases in the number of neurons per dish did not
affect the time course of the changes in catechola-
amine production. It seems probable that plating
the cells at a higher density shortened the time
period before the neurons came into contact as well
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FIGURE 6 Neurons from the usual number of ratsas increasing the number of interneuronal contacts .
Thus it is possible that the sympathetic neurons
are not influencing each other's development of
catecholamine production at the normal plating
density used in these cultures. Also relevant in this
context is the observation that the presence of the
non-neural cells of the ganglion did not affect cate-
cholamine production by the neurons (Mains and
Patterson, 1973 a). Other influences which are
likely to affect the development of catecholamine
production are the preganglionic (spinal cord)
neurons (Black et al., 1972), cells from sympathetic
target tissues (iris, heart, etc). and the level of
nerve growth factor (Thoenen et al ., 1972 b) . Ex-
periments are currently in progress on the effects
of these influences on the timing and magnitude of
the changes in catecholamine metabolism reported
here.
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